Calculation of the differential cross section for the dielectronic recombination with two-electron uranium within the framework of QED is presented. The polarization of the emitted photon is investigated. The contributions of the Breit interaction and the interference of the photon multipoles are studied.
I. INTRODUCTION
Dielectronic recombination with few-electron (in particular, with two-electron) highly charged ions is of interest both from experimental and theoretical points of view. Few-electron highly charged ions are relatively simple systems which allow precise theoretical description within the framework of quantum electrodynamics (QED). Dielectronic recombination is a resonant process where electron recombination with an ion is performed via formation of an autoionizing (doubly excited) state of the ion. Interelectron interaction plays a crucial role in formation of the doubly excited states. Accordingly, dielctronic recombination presents a tool for detailed investigation of dynamic electron correlations, in particular, for investigation of the Breit interaction.
Dielectronic recombination with two-electron ion of Fe was studied experimentally and theoretically in work [1] . Measurements of the radiative and Auger decay rates for K-shell vacancies in highly charged Fe ions were presented in [2] .
The linear polarization measurements of x-rays emitted due to dielectronic recombination into highly charged Kr ions were recently presented in [3] .
Measurements of the dielectronic recombination resonant strengths of highly charged ions (in particular, twoelectron) Xe ions were performed in work [4] .
Experimental investigation of dielectronic recombination with two-and three-electron ions of Pr, Ho and Au is reported in [5] . In particular, dielectronic recombination strengths are measured and calculated. Experimental study of the dielectronic recombination with three-electron U ions is presented in [6] .
Calculation of the transition rates for the doubly excited states of a three-electron ion of uranium was reported in [7] . The influence of the Breit and QED effects on the radiative transition parameters is analyzed in detail. Dielectronic recombination with two-electron uranium ion was also studied theoretically in [8] In particular, the linear polarization and angular distribution of the x-ray photoemission was studied, contribution of the magnetic quadrupoles was investigated.
Dielectronic recombination with one-electron uranium was studied experimentally and theoretically. The experimental study of the full cross section of was performed in [9] . The corresponding calculations of the dielectronic recombination are presented in [9] [10] [11] [12] [13] .
The electron recombination with highly charged ions presents a tool for investigation of the Breit interaction. The recent studies showed that the Breit interaction may give important and even dominant contribution to the cross section of the dielectronic recombination with few-electron highly charged ions [9, [13] [14] [15] [16] [17] [18] .
The considered process of electron recombination with a two-electron uranium can be described as
where r denotes a singly excited state: (1s1s2s) or (1s1s2p). In the initial state of the system the two-electron ion is assumed to be in its ground state. The first emitted photon (γ) can be registered in the experiment. If the energy of the initial state is close to the energy of a doubly excited state, the cross section shows resonances. The resonances are explained by the dielectronic recombination which can be written as
where d is a doubly excited state: (1s2s2s), (1s2s2p) or (1s2p2p). To study the cross section of the dielectronic recombination with highly charged ions, the QED calculations of the radiative transitions amplitudes between three-electron configurations are necessary. Such calculations can be performed with employment of various methods [12, [19] [20] [21] [22] [23] . In the present paper the line-profile approach was used [22] .
We present calculations of the full and differential cross section for the dielectronic recombination with two-electron uranium within the framework of QED. The polarization of the emitted photon is investigated. The contributions of the Breit interaction and the interference of the photon multipoles are studied. At the end, we will estimate the contribution of the three electron recombination for the considered collision system.
II. METHOD OF CALCULATION
The present calculations are based on the QED approach already applied for calculation of the cross section of electron recombination with one-electron ions [12, 13] -the line-profile approach (LPA) [22] . To describe the electron recombination with two-electron ions, the line-profile approach was generalized to three-electron system.
The incident electron is considered as an electron with certain momentum p and polarization µ and is described by wave function ψ p,µ . Wave function ψ njlm describes a bound electron with the corresponding quantum numbers (n,j,l and m are the principle quantum number, total angular momentum, parity and projection of j, respectively). Employing expansion of the wave function ψ p,µ in series over the wave functions of electron with certain energy (ε), total angular momentum (j), its projection (m), and parity (l) the wave function of the incident electron can be written as [24] 
where Ω jlm (p) is the spherical spinor and υ µ (p) is the spinor with certain projection on the electron momentum (p), the phase φ jl is the Coulomb phase shift. The relativistic units are used throughout unless otherwise stated.
In the line-profile approach the initial, final and intermediate three-electron states are expanded is series of threeelectron functions in the j-j coupling scheme. The following algorithm is employed for composition of the basis set of three-electron wave functions in the j-j coupling scheme. Firstly, we select two electrons with closest energies and a compose two-electron wave function in the j-j coupling scheme
where N -normalization constant (equal to 1/ √ 2 for nonequivalent electrons and 1/2 for equivalent electrons), C j1j2 j12m12 (m 1 m 2 ) -Clebsch-Gordan coefficients. The electrons are represented by the quantum numbers n i ,j i ,l i and m i (n i denotes the principle quantum number for bound electron and the energy for electron from the continuum part of the spectrum, j i is the total angular momentum, l i is the parity, m i is the projection of the total angular momentum, i = 1, 2 denotes the first and second electrons, respectively). Then, we compose three-electron wave functions with certain angular momentum (J) and its projection M (6) where N -normalization constant (equal to 1/ √ 3! 2 for tree-electron states with two equivalent electrons and to 1/ √ 3! for states without equivalent electrons). If three-electron configurations contain three equivalent electrons, the coefficients of fractional parentage ( j 1 j 2 [j 12 ]j 3 J}j 1 j 2 j 3 γJ ) are to be calculated for composing the three-electron wave functions in j-j coupling scheme [25, 26] 
Here, the quantum number γ denotes repeating terms of the electronic structure (if necessary). The initial state of the system (a two-electron ion in its ground (1s1s) state and an incident electron) can be described by the wave function
The wave function ψ p,µ describes the incident electron with momentum p and polarization µ, the wave function ψ njlm describes a bound electron with the corresponding quantum numbers (n,j,l and m). Employing expansion Eq. (3) the wave function of the initial state can be presented as a linear combination of the following determinants
Accordingly, the wave function of the initial state can be expanded into series of three-electron functions with certain total momentum (in the j-j coupling scheme)
The final state ((1s1s2s), (1s1s2p) tree-electron states) can be written as a tree-electron configuration in the j-j coupling scheme
To describe highly charged ion within the framework of QED, the line-profile approach (LPA) was employed [12, 22] . The interaction with the quantized electromagnetic and electron-positron fields leads to various correction to the amplitude: interelectron interaction correction, electron self-energy and vacuum polarization corrections. Within the line-profile approach the system is considered to be enclosed into a sphere of a large radius R → ∞. Then, the incident electron can be described by a wave function normalized to unit which corresponds to a artificial bound electron state (e R ). For calculation of the amplitudes of the transitions between bound states the standard QED perturbation theory for the quasidegenerate states can be applied [20, 22, 27, 28] .
Within the LPA we introduce the set of three-electron configurations (g) which includes all the three-electron configurations composed by 1s, 2s, 2p, 3s, 3p, 3d electrons and the electron e R describing the incident electron. There is also introduced the matrix V which is defined by the one and two-photon exchange, electron self-energy and vacuum polarization matrix elements. Matrix V = V (0) + ∆V is considered as a block matrix
Matrix V 11 is defined on set g, which contains configurations mixing with the reference state n g ∈ g. Matrix V (0) is a diagonal matrix: sum of the one-electron Dirac energies. Matrix ∆V 11 is not a diagonal matrix, but it contains a small parameter of the QED perturbation theory. Matrix V 11 is a finite-dimensional matrix and can be diagonalized numerically. Then, the standard perturbation theory can be applied for the diagonalization of the matrix V .
The amplitude of the electron recombination is written as a matrix element of the photon emission operator (Ξ (0) ) with the bra and ket vectors given by the eigenfunctions of the matrix V : Ψ fin and Ψ ini corresponding to the final and initial states of the system, respectively,
The operator Ξ is derived within the QED perturbation theory order by order [12, 22] . The operator Ξ can be represented by its matrix elements, in the zeroth order of the perturbation theory it reads
where
are one-electron states with certain total angular momentum and parity, the one-electron matrix elements A (k,λ) * ud are defined as
where γ ν are Dirac gamma matrices. A
is the emitted photon wave function. We use a gauge
ω and k are frequency and momentum of the photon, respectively. Employing the multipole expansion we can write [29] 
where g l0 (x) = 4πj l0 (x) and j l0 (x) is the spherical Bessel function, Y j0l0m0 -vector spherical harmonics, e (λ) -vector of photon polarization. We consider the linear polarization of the photon
and the circular polarization of the photon
The z axis is defined by the incident electron momentum p. Accordingly, the vectors p, k and the polarization vectors look like
respectively. In the electron-ion collision process has an axial symmetry and it not depend from angle φ. The operator Ξ in the first order of the perturbation theory gives a small contribution and is omitted in the present calculation.
III. RESULTS
We have studied the process of electron recombination with two-electron uranium being initially in its ground state. The process is considered in the rest frame of the uranium ion. We investigated regions of the incident electron energy where the role of dielectronic recombination is prominent. We restricted ourselves to the consideration of four low lying energy regions, in particular, the regions where the energy of the initial state ((1s1s) plus incident electron e) is close to the energies of doubly excited states (1s2s2s), (1s2s2p), (1s2p2p The total cross section of electron recombination with two-electron uranium is presented as a function of the kinetic energy of the incident electron in Fig. 1 . The left four graphs represent the exact QED calculation of the total cross section for the four resonance regions, respectively. The right ones represent the calculation of the total cross section with disregard of the Breit interelectron interaction (in the Feynman graphs representing to the one-and more photon exchange). The graphs reveal a large contribution of the Breit interaction to the cross section.
We note that the relative contribution of the Breit interaction to the cross section for dielectronic recombination with two-electron uranium ions is much larger than that for dielectronic recombination with one-electron ions (see [9, 13] ). The importance of the Breit interaction is explained by large sensitivity of the widths of three-electron energy levels to the Breit interaction. Within the framework of the standard QED theory, the energy shift of energy levels (due to the interaction with quantized electromagnetic and electron-positron fields) is commonly written as ∆E = Re{∆E} − i Γ 2 [20, 22, 27, 30] , where Re{∆E} is a correction to the energy, Γ defines the width of the energy level. For the one-and two-electron configurations the major contribution to the width of energy level is given by the electron self-energy Feynman graph. However, for three-electron configurations the contribution of the electron self-energy graph can be considerably canceled by the contribution of the Breit part of the one-photon exchange graph. For example, (1s1s2s) configuration is the ground state of tree-electron ion, accordingly, contribution of the imaginary part of the electron self-energy graph is completely canceled by contribution of the Breit part of the one-photon exchange graph. It can be referred as a realization of the Pauli exclusion principle [29] .
The energies and widths of the considered doubly excited states are very sensitive to the Breit interaction. In Table I we present data which show the role of the Breit interaction for the doubly excited states. Doubly excited states are specified in the first column. In the second and the third columns ( 'V Coulomb' and 'V Coulomb+Breit') presented are values of the diagonal matrix elements of matrix V (see Eq. (12)); these data are given by summation of the diagonal matrix elements of the corresponding Feynman graphs (electron self-energy, vacuum polarization, one-photon exchange and part of the two-photon exchange graphs). The column 'V Coulomb+Breit' contains results of the exact QED calculation, the column 'V Coulomb' presents results of the calculation with disregard of the Breit part of photon exchange graphs. These data have no clear physical meaning; however, they demonstrate a strong cancellation of the imaginary parts of the electron self-energy and the Breit part of the photon exchange corrections for some of the configurations. The next three columns present results of calculation of the energies and widths of the doubly excited states performed within the exact QED approach (column 'Coulomb+Breit (with retardation)'), with disregard of retardation in the Breit interaction (column 'Coulomb+Breit (without retardation)') and with complete neglect of the Breit interaction (column 'Coulomb'). The corresponding resonance kinetic energies of the incident electron are also given. These data demonstrate the importance of the Breit interaction for the energies and widths of the doubly excited states what explains the large contribution of the Breit interaction to the cross section for the dielectronic recombination with two-electron uranium ions which is seen in Fig. 1 .
The process of dielectronic recombination proceeds via formation of doubly excited states. Peaks of the cross section correspond to these doubly excited states. In order to study the individual contributions of the doubly excited states, we performed calculations of the cross section where only fixed doubly excited states were taken into account. The results are presented in Fig. 2 . Plots in the left column show individual contribution of the doubly excited states. Plots in the right column show separate contribution of resonant channel (electron capture via formation of doubly excited states, i.e., dielectronic recombination) and nonresonant channel -radiative electron capture (REC). We note that partition of the electron recombination into resonant and nonresonant channels is ambiguous. Results of the full calculation of the cross section are given with a mark (Full) in Fig. 2 . These plots also show interference between the dielectronic recombination and the radiative electron capture.
Results of calculation of the differential cross section (in barn/str)
as a function of the kinetic energy of incident electron are given in Fig. (3) . The left plots present the exact QED calculation, the right plots present results of calculation with disregard of the Breit interaction. As a consequence of large contribution of the Breit interaction to the total cross section (see Fig. 1 ), the Breit interaction is also important for the differential cross section of electron capture by two-electron uranium ion. In the present calculation the multipole expansion of the emitted photon wave function was employed (see Eq. (17)). The multipoles up to j 0 = 9 were taken into account. Investigation of contribution of the higher multipoles of emitted photon is presented in Fig. 4 . The upper plot presents the total cross section. The red curve in the upper plot corresponds to calculation of the total cross section within dipole approximation where only terms with j 0 = 1 are taken into account in the multipole expansion Eq. (17) . The black curve in the upper plot corresponds to the full calculation (j 0 ≤ 9). It is seen that contribution of the higher multipoles to the total cross section is insignificant. The lower plot presents investigation of the differential cross section: there is a relative difference between differential cross section calculated in dipole approximation σ (j0=1) and the full calculation σ (see Eq. (22))
In spite of a small contribution of the higher multipoles to total cross section (< 5%), they play a significant role for the differential cross section. Our calculations show, that mainly due to the interference between E1, M 1 and E2, M 2 emitted photons, δσ may reach up to 66% in regions between the peaks. We have also studied the contribution of the various polarizations of the incident electron and emitted photon. Polarization of the initial state is defined by polarization of the incident electron (projection of the spin to the direction of momentum) which can be equal to µ = ±1/2. Different polarizations of the incident electron give equal contributions to the cross section, while the summation over the photon polarizations is performed; however, they give different contributions if the polarization of the emitted photon is fixed. In Fig. 5 we present results of calculation of the differential cross section σ −+ , where the incident electron has polarization µ = −1/2 and emitted photon has polarization e + (see Eq. (19)). The result of the calculation of the differential cross section σ −− (the polarization of incident electron is µ = −1/2, and the photon polarization is e − ) can be obtained from Fig. 5 by inversion of the polar axis. Differential cross sections with different polarizations are connected by the following condition
To investigate the polarizations of emitted photon, we calculated the Stokes parameters. We have calculated the Stokes parameters for incident electrons with polarization µ = −1/2; the results of the calculations are presented in Figs. 6-8 . The Stokes parameters P 1 , and P 2 for different linear polarizations of the photon are given in Figs. 6, 7
where σ 0 • , σ 90 • are the differential cross section for emission of photon with polarization vector laid or orthogonal to the (p, k) plane, respectively, and σ 45 • , σ 135 • are the differential cross sections for emission of photon with polarization vector at 45
• and 135
• to the (p, k) plane, respectively. P 1 and P 2 equal to zero at angles 0 • and 180
• (see Eq. (21)). The Stokes parameter (P 3 ) describing the circular polarization Eq. (19) is presented in Fig. (8 )
where σ ± ≡ dσ ± /dΩ are the differential cross section for emission of the photon with the corresponding chirality.
Figs. 6-8 show that Stokes parameters also very sensitive to Breit interaction. For nonpolarized incident electrons the corresponding polarizations of the emitted photon give equal contributions to the differential cross sections σ 45 • , σ 135 • and σ − , σ + , respectively. Accordingly, the Stokes parameters P 2 and P 3 are equal to zero. The parameter P 1 is independent of the polarization of the incident electron and is the same for the polarized and nonpolarized incident electrons.
For addition characteristics of angular distribution we present the differential cross section with photon emission angles 0 Fig. 9 and asymmetry parameter [18] 
in Fig. (10) , respectively. The calculations show that the emission to 90
• dominates over emission to 0 • , particularly in regions of the resonance energies. Far from the resonance regions the photon is emitted mainly to 90
• angle what results in corresponding growth of the parameter A.
We would like to note that we have also investigated the contribution of tri-electronic recombination to the process of electron capture by two-electron uranium ion initially being in its ground state. We performed calculations of the cross section for regions of the incident electron energy where the contribution of the triply excited states ((2s2s) 0 2p 1/2 ) 1/2 and ((2p 1/2 2p 1/2 ) 0 2s) 1/2 could be significant. It was found that the contributions of these states to the cross section is in 8-11 orders smaller than the corresponding contribution of the (nonresonant) radiative electron capture (REC), and it offers no possibility to detect the tri-electronc recombination in experiment. However, we found that for the process of electron capture with two-electron uranium initially being in a single excited state (for example, (1s2s) 0 ), the contribution of the tri-electronic recombination is much larger than the corresponding contribution of the radiative electron capture, which, in principle, makes it possible to experimentally investigate the trielectronic recombination.
We have presented QED calculations of the total and differential cross section for dielectronic recombination of nonpolarized and polarized electrons with two-electron uranium initially being in its ground state. We have also investigated contribution of the higher multipoles of the photon wave-function expansion and found that their contributions to the deferential cross section are significant. The polarization of the emitted photons and the photon emission asymmetry are investigated. It was found that contribution of the Breit interaction is very important for the total and differential cross section as well as for various polarization parameters. The contribution of the Breit interaction is very significant, which allows to perform a successful experimental investigation of the Breit interaction in the process of dielectronic recombination with two-electron uranium. 
, in keV) of three electronic states and corresponding resonance kinetic energies ( ) of the impact electron (on the second line for each state). Second and third columns show the diagonal element of the matrix V (see Eq. (12)). Columns 4-6 show eigenvalues of the matrix V with different electron-electron interaction models. (28)) is presented.The graphs in the left column correspond to the full QED calculation (Coulomb + Breit with retardation) of the differential cross section, the graphs in the right column present the calculation with disregard of the Breit interaction.
